




Neural Mechanisms Mediating the 
 
Effects of Food Cues and Acute Exercise:  
 
 a functional Magnetic Resonance Imaging and 
 





























Submitted in partial fulfillment of the  
requirements for the degree of 
Doctor of Philosophy 
 under the Executive Committee  
of the  


























































William H. Hinkle 






Neural Mechanisms Mediating the Effects of Food Cues and Acute Exercise:  
 an fMRI and Functional Connectivity Investigation  
 
 




The obesity epidemic is imposing enormous costs on individuals and on developed and 
developing societies.  Ultimately, obesity arises from a sustained imbalance in the energy 
balance equation from either excessive energy consumption or significantly reduced 
activity.  Here we report on findings from two fRMI studies, each of which examines one 
side of the energy balance equation.  In our first study, the Passive Viewing of Foods, we 
examined the effects of acute exercise on self-report measures of appetite suppression and 
on neural activity resulting when normal BMI subjects viewed blocks of high calorie or low 
calorie food cues.  We found that acute exercise suppressed self-reported appetite and 
reduced the activation of two key brain areas relative to appetite regulation:  the dorsal 
anterior cingulate (dorsal ACC), a frontal attention processing area, and the nucleus 
accumbens, a central reward processing area.  Moreover, we conducted functional 
connectivity analysis to examine other areas of the brain that were positively or negatively 
correlated with these two areas when viewing high calorie food cues following exercise.  The 
functional network identified was broadly distributed and included increased coupling with 
the putamen, insula, operculae, inferior frontal gyrus, and superior parietal lobule and 
decreased coupling with the amygdala and orbital frontal cortex, among other areas.  We 
believe this is the first study of exercise induced appetite suppression that used whole brain 
analysis and functional connectivity to show both absolute reductions of activity in the 
dorsal ACC and nucleus accumbens as well as a distributed functional network with 
differential coupling and de-coupling.  These findings help identify a functional network that 




In our second study, the Categorical Food Stroop, we deploy a novel Stroop-like 
paradigm that used the same high and low calorie food cue exemplars to examine the 
effects of the food cues on cognitive interference and the cognitive control effect of conflict 
adaptation. In the study, subjects categorized the high and low calorie food cue word 
targets, which were overlain on veridical images of the same food cue exemplars.  Relative 
to interference, we observed that normal BMI subjects took 18 ms longer to categorize high 
calorie words overlain on low calorie images (high calorie incongruent trial) than they did to 
categorize low calorie words on high calorie distractors (low calorie incongruent trial).  
Relative to conflict adaptation, a measure of cognitive control over response inhibition when 
there are conflicting response options, we observed a significant overall effect of conflict 
adaptation but then showed that only one calorie characteristic (high calorie incongruent 
trials following high calorie incongruent trials, HH trials) was significantly contributing to the 
overall conflict adaptation.  To our knowledge, this was the first categorical food Stroop and 
the first study to identify the role of caloric characteristic in modulating cognitive control 
relative to response selection in food-related decisions.  Our neural observations showed 
that the increased interference in incongruent trials is associated with activation in the 
supramarginal gyrus, superior parietal lobule and the superior lateral occipital cortex.  The 
high cognitive control HH trials compared to the low cognitive control trials activated the 
parahippocampal gyrus, the right amygdala, the orbital frontal cortex, the superior parietal 
lobule, the angular gyrus, and temporal-occipital gyrus.  The parahippocampal gyrus and 
superior parietal lobule were used as seeds in functional connectivity analysis and revealed 
a high degree of overlap in their distributed functional networks mediating high cognitive 
control trials.  The findings shed new light on both the high calorie stimulus specificity of 
cognitive control in normal subjects and the distributed functional network that mediates 
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The obesity epidemic represents one of today’s greatest global health challenges.  In 
developed and developing countries, its prevalence has reached levels that result in 
significant near term costs, as well as accelerating long-term costs--both for society and for 
the individual.  Currently there are no broadly effective medical treatments to reverse 
obesity, except costly surgery.  Understanding the etiology of obesity, with the goal of 
reducing food intake in order to prevent obesity, is becoming an important public health 
objective.  To date, most obesity research has focused on energy balance regulation and 
relative to the brain has primarily targeted the hypothalamus at a cellular level (Berthoud 
2007).  Thus, very little is known about the broader food-related neural responses that 
either encourage or discourage weight gain for the individual.  Ultimately, an increase in 
weight results from a positive energy balance by an individual, where energy intake 
exceeds energy expenditure for a sustained period.  By using a set of set of high and low 
calorie visual food cues and an exercise intervention in two fRMI studies, we investigated 
neural responses that arise from each side of the energy balance equation.  The goal was to 
identify neural mechanisms that mediate the effects of food cues and acute exercise, as a 
reflection of brain based behaviors that may promote or limit weight gain.     
Obesity	  Prevalence	  and	  Costs	  
 
For the first 35 years following the second World War, obesity rates as measured by 
Body Mass Index (BMI)1 remained fairly stable in the United States (Ogden & Carroll 2010).  
Since the early 1980’s obesity rates have risen steadily for 30 years (Figure 1).  Using third 
party recorded data, the National Center for Health Statistics reported as of 2007-2008 that 
68% of the adult population in the United States was clinically overweight, obese or 
extremely obese (Flegal et al. 2010).  More recently, using self-reported data, the Center 
                                           




for Disease Control reported that adult obesity rose nearly 3% from just 2005 to 2009 
(Sherry et al. 2010).   
 
 
Figure 1.  Prevalence of Overweight & Obesity 
Source: Ogden et al. 2010. 
 
   
The negative health consequences from obesity range from adverse metabolic 
responses and mild co-morbidities to various cancers and serious morbidities.2  For 
individuals, these negative health consequences can result in a 65% increase in absentee 
likelihood from work, as much as a 17% lower income (Tucker & Friedman 1998), a 34-
75% increase in in-patient health care days (Averett & Korenman 1999; Thorpe et al. 
2004), and a $46,000 higher lifetime health care cost (Quesenberry et al. 1998).  For 
society, the absentee costs were estimated at $2.4 billion annually (Wolf & Colditz 1998) 
and the incremental health care systems costs were estimated to range from $75 to $100 
billion annually in US federal and state costs (Finkelstein et al. 2003), which represents 
approximately 10% of all health care costs (Frezza & Wachtel 2009).   
                                           
2 Adverse metabolic: blood pressure, insulin resistance, high cholesterol and triglycerides. Mild morbidities: respiratory, musculoskeletal, skin 





The ultimate cost of obesity to the individual is reduced life expectancy, though the 
projections vary widely.  Some investigators have projected no reductions (and possibly 
mild increases) when just overweight (BMI 25-30) and no reduction with class I obesity 
(BMI 30-35)(Orpana et al. 2010)(Flegal et al. 2005).  Other investigators project reductions 
of 2.4 years (Cai et al. 2010) to 10 years with class II obesity (Peto et al. 2010).3  All 
studies find reduced life expectancy for class II obesity (BMI >35). 
Obesity	  Etiology	  
  
 The driver for the obesity epidemic can come from either side of the energy balance 
equation--sustained increases in caloric intake or decreases in caloric expenditure, either or 
both of which can create a positive energy balance and result in weight gain.  The relative 
contribution of the two sides remains somewhat in debate, though the evidence pointing to 
increased caloric in-take as the primary driver of the obesity epidemic is stronger than that 
pointing to decreased volitional physical activity.  
Energy	  Intake	  
 
Considerable evidence has accumulated to suggest that average daily caloric intake for 
Americans has grown significantly over the past 30 years.  Estimates of the increase range 
widely.  At the extremes are estimated increases of as little as 179 calories4 per day (for 
men) and as much as 355 calories (for women), increases over prior average intakes of 7% 
and 23%, respectively (Figure 2)(CDC 2004).  Two other studies, which did not segregate 
by gender, found intermediate estimated increases of 190 and 300 calories per day (Nielsen 
& Popkin 2003; Putnam & Allshouse 1999).  
 
                                           
3 For Class II obesity Peto estimates a one year reduction for each two points of increased BMI. 
4 In this paper we maintain the convention in the popular and scientific literature using “calorie” as the basic energy unit, while in a strictly 





Figure 2.  Increased in daily caloric consumption in the United States 
 
The increases in daily caloric consumption alone could fully explain the rise in obesity.  
This can be shown by the relatively small, sustained increase in daily caloric intake that can 
lead to an increase in weight from ‘normal’ levels to obesity (Table 1).  We use the 
simplification that 1lb of adipose tissue contains 3500 calories of energy and ignore 
offsetting or complicating metabolic responses5.  An individual with the height of an average 
American female (5’ 5”) who is starting with a BMI of 22, which is in the middle of the 
“normal range”, will reach a BMI of 30 (clinical obesity), in 20 years after an increase in 
daily caloric consumption of only 23 calories per day. This is no more than adding 2.4 single 
potato chips to a daily diet.  A BMI of 40 (clinical morbid obesity) is reached in 20 years 
after an increase in daily caloric consumption of only 53 calories.  Each of these is a small 
fraction of the observed increases in average daily caloric intake mentioned above.  For an 
individual with the height of an average American male, similarly modest increases in daily 
caloric consumption result in accumulated weight gain and clinical classifications of obese 
and morbidly obese.  
  
                                           
5 It is known that weight change has accompanying metabolic responses.  E.g. in the case of weight loss, the metabolic response is increased 










Initial Weight (lbs) 131 152 
BMI  22 22 
Clinical classification mid ‘normal’ mid ‘normal’ 
 Increased calories/day 23 53 27 61 
Weight Gained/Year (lbs) 2.45 5.5 2.85 6.35 
20 
Years+ 
Total Weight Gained (lbs) 49 110 57 127 
Weight (lbs) 180 241 209 279 
BMI 30 40 30 40 





Table 1.  Consequence of increased daily caloric consumption. 





	  Energy	  Expenditure	  
	  	  	  
Because human physical activity is so varied and largely unstudied, the contribution to 
obesity from decreases in caloric expenditure are less certain than those from caloric intake.  
Clear evidence for declining caloric expenditure comes from a study of occupation-related 
physical activity (Church et al. 2011).  By observing a 50-year shift from a goods producing 
economy with a greater prevalence of high activity-jobs (e.g. manufacturing) to a service 
economy with a greater prevalence of low-activity jobs, the authors calculated the decline in 
average occupation-related caloric expenditure for the United States (Figure 3).  The 
resulting decrease in average daily caloric expenditure was estimated to be 140 calories for 
men and 124 calories for women.  And as work hours decreased, leisure hours increased 
leaving one investigator to conclude that increased physical activity from leisure pursuits 
rose 7 to 24 minutes per day, but no translation of the activity increase to caloric 
expenditure increase was provided (Robinson & Godbey 1997). Further evidence for 
declining physical activity comes from a review of the rise of the car-based suburban 
environment where the probability of walking was shown to decrease while the likelihood of 
obesity was shown to rise (Ewing et al. 2003).  From Table 1, it is clear that a 124+ calorie 
positive energy balance, which results from declining occupation-related caloric 
expenditure, can also account for the rise in obesity.  However, a review of other studies 
failed to find evidence for any material change in physical activity over the same time 





Figure 3.  Occupation related caloric expenditure 
Source: Church, 2011 
 
Besides the direct effect of burning calories, physical activity can also contribute to a 
negative energy balance in a second, indirect way by suppressing appetite, which results in 
negative feedback to the caloric in-take side (see Figure 4).  Numerous studies have shown 
that a variety of types of activity and exercise can suppress appetite and are discussed 
below.   
 
Figure 4.  Energy Balance Equation 
 





While both increased caloric intake and reduced caloric expenditure tip the energy 
balance to positive resulting in weight gain, the stronger evidence supports increased caloric 
consumption.  But why have individuals only recently begun to over consume?  During this 
same period there has been a major shift in the food environment in the United States and 
other developed countries.  As life styles have become more active and complicated, food 
has become more processed in order to allow it to be more convenient.  And as food has 
become more processed, manufacturers gained the ability to manipulate and increase the 
palatability of the food to consumers (Kessler 2009).  In the same 30-year period as the 
rise in caloric intake, a significant shift has occurred in the macronutrient balance of food 
toward highly palatable carbohydrates and fats to the detriment of protein (CDC 2004).  As 
individuals have responded to the significant changes in the food environment, they have 
shifted the source of their calories while also increasing the amount of calories consumed. 
The term “toxic food environment” was coined in 2004 to describe today’s highly hedonic 
food environment with the presence of super-sized servings, fried fast foods, abundant high 
calorie snack foods, and ever present sugared drinks, along with sweeteners and fat-
texturing agents that are being added to all types of food to heighten palatability (Brownell 
1997).  As one commercial confirmation of this change in the food environment, consider 
the growth curve for McDonalds restaurants in the UK over the same period as the rise in 
obesity (Figure 5).  While not completely coincident, the two curves travel the same general 







Figure 5.  Growth in McDonalds Restaurants (UK) - 1976 to 2002 
Sources: bized.co.uk, Ogden et al 2010 
 
Several theories have been advanced to explain why individuals naturally over-eat 
when in the presence of abundant, appetizing food.  Based on epidemiological studies of 
diabetics from various populations, Neel proposed the “thrifty gene” hypothesis arguing that 
because humans, across their evolution, faced periods of feast and famine, they now carry 
genes that cause them to overeat in periods of relative food abundance (Neel 1966).  Thus, 
the hedonic food neural systems evolved to feast whenever environmentally possible in 
preparation for ensuing famine, even when the homeostatic signals do not indicate an 
energy need. This innate drive to overeat in environments of abundant and appetizing food 
has been termed “hedonic eating” (Appelhans 2009) and has been demonstrated in rats and 
observed in children (Tordoff 2002){Hill:2008bq}.  
Revisions to the thrifty gene hypothesis by Neel and others (Prentice et al. 2005), as 
well as the “drifty gene” counter hypothesis (Speakman 2008), both ascribe to a genetic 
basis for “natural” over consumption when food is abundant and appetizing, though the 
hypotheses differ in their mechanisms.  A meta-study of recent genome wide association 
studies identified 16 genetic loci where nucleotide polymorphisms are positively associated 
































ranging from a low of 25% to a high of 90% (Loos 2009).  Finally, by observing seasonal 
fluctuations in the appetite-modulating hormone leptin in hibernating animals, it was 
suggested that overeating in abundant food environments is a natural, conserved behavior.  
Questioning the bulk of current obesity research, the author suggested that leptin “has not 
evolved as a signal to prevent obesity” (Berthoud 2007).   If correct, both the hedonic and 
homeostatic food systems may be operating exactly as nature intends in periods of food 
abundance, but by extension, neither system possesses a naturally occurring, fully 
calibrated negative feedback signal to prevent over eating when facing persistent food 
abundance.  
Cognitive abilities to recall, plan and prioritize allow adult humans to exert cognitive 
control over innate responses like hedonic eating, when in the interest of the individual.  
One author has presented several evolutionary scenarios, which demonstrate that the 
ability to cognitively control hedonic eating is adaptive (Appelhans 2009).  From addiction 
studies, it is known that inhibitory cognitive control is dependent on various pre-frontal 
cortex mediated executive functions, including short-term memory and selective attention 
among others (Janse Van Rensburg et al. 2009; Field & Cox 2008; Taylor et al. 2007; 
Taylor & Katomeri 2007).  After controlling for co-morbidities, three recent studies have 
found various impaired executive functioning in obese adults: verbal interference (from a 
Stroop test) and attention switching (Gunstad et al. 2007), planning, problem solving and 
mental flexibility (Boeka & Lokken 2008), and memory and verbal fluency (Gunstad et al. 
2010).  If over-consumption is the innate response to the present toxic food environment, 
the impaired ability to exert cognitive control to inhibit the response may be an important, 
though little studied, obesogenic factor.  
Mechanisms	  Mediating	  the	  Effects	  of	  Food	  Cues	  and	  Acute	  Exercise	  
 
To examine the effects of acute exercise on brain-based appetite suppression and the 




Viewing of Food Cues and (2) a Categorical Food Stroop, both in control and exercise 
conditions.   Central to our design was to examine differential responses to selected high 
versus low-calorie food cues.  The majority of studies to date that have examined responses 
to food cues have contrasted food and non-food cues (van der Laan et al. 2011).  Assuming 
that it is the increase in palatability that has caused individuals to increase their caloric 
intake, we believe that examining responses to high and low calorie food cues reflects 
greater ecological fidelity to the current challenging obesogenic environment.  The food 
cues we developed consist of two groups of standardized but veridical food images—four 
high calorie “sweets” and four low calorie “veggies” food exemplars.  The average caloric 
density of the two groups differed by a factor of more than fourteen times (see General 
Methods-Caloric Density of Food Exemplars below).  Insight gained relative to how 
individuals respond to and control their responses to food cues of varying caloric reward 
value should increase our understanding of the problem of excess energy intake.   
To complement our examination of brain responsivity to food cues, we also employed 
an exercise intervention condition to allow us to also examine changes in responsivity that 
are driven by the energy expenditure side of the energy balance equation.  Besides the 
direct outcome of burning calories, acute exercise may also produce negative feedback to 
the energy intake side by way of appetite suppression.  Evidence for this appetite 
suppression comes from three sources: (1) monitoring changes in acylated ghrelin and 
other appetitive hormones following exercise (King et al. 2011; King et al. 2010; Mackelvie 
et al. 2007; Hubert et al. 1998; D. R. Broom et al. 2009), (2) observations of ad libitum 
eating following acute exercise  (Kanarek et al. 1995; Unick et al. 2010) and (3) self-report 
of post-exercise suppression of craving for various appetitive substances (Janse Van 
Rensburg et al. 2009; Taylor et al. 2007; Taylor & Katomeri 2007). While these findings 
provide broad support for appetite suppression, the behavioral and hormonal evidence has 
not always been replicated (Balaguera-Cortes et al. 2011; Dodd et al. 2008).  Findings of 




will provide additional evidence for exercise driven appetite suppression and may help 
identify neural mechanisms that mediate the effect.  The details of the food cues and 
exercise intervention are discussed in greater detail in Chapter 5: General Methods.   
In the Passive Viewing study, we presented blocks of the high and low calorie food 
cues to subjects while undergoing a functional MRI scan.  By completing both a traditional 
functional activity fMRI analysis and a functional connectivity (Psychophysiological 
Interaction, “PPI”) analysis in the control condition, our findings shed light on how the brain 
responds to certain palatable food cues.  The replication of the study following an acute 
exercise intervention, helps us to understand how the brain’s processing of palatable food 
cues can be modulated by acute exercise. 
In the Categorical Food Stroop study, we employed a novel design where we used the 
same set of four high and four low calorie food exemplars as food word targets and as 
visual distractors and asked subjects to categorize the food word target that was overlain 
directly on a distractor image.  The eight names of the food exemplars were used as targets 
and subjects responded with one of two categories “Sweet” or “Veggie” to indicate the 
category of the food word target.   
While numerous “food Stroop” studies have been published since the mid-1980’s 
(Overduin et al. 1995; Braet & Crombez 2003; Nijs et al. 2009; Suzanne et al. 2010), all 
have used a modified version of the traditional color-word interference task.  The traditional 
Stroop interference paradigm is the standard test to assess attentional bias (Nijs et al. 
2010) and is historically considered the most reliable psychometric test (Jensen 1965; 
Jensen & Rohwer 1966).  The traditional color-word Stroop requires the naming of the color 
of ink of a printed word, even though the reading of the word is more automatically 
processed than naming the ink color.  As a result, the Stroop gives a measure of response 
inhibition over the more automatic word reading. When ink color and word are the same the 
trial is congruent, when they are different, the trial is incongruent.  By comparing the 




levels of response inhibition relative to distractors.  In the food Stroop studies, the task is 
similarly to name the ink color, now of a food related word, but the interference is 
measured by differences between the response time to the color of the food word versus 
response time to color of other non-food words.  In picture-word interference tasks (such as 
we employ), processing the picture is more automatic than processing the word (Arieh & 
Algom 2002).  Thus, the results of the categorical food Stroop, where the less-automatic 
word name is the target, also helps to give a measure of response inhibition but here with 
regard to the realistic food images.   
Relative to the existing food Stroop studies, there are several advantages inherent in 
the design of the categorical food Stroop: (1) both visual elements of the task (distractor 
and target) relate to food, (2) potent veridical food images were used as distractors, (3) the 
food categorization task decision is more difficult and requires semantic resources whereas 
the simpler task of naming the color of the food word relies primarily on lexical resources 
(Smith & Magee, 1980; Stuart, 1993), and (4) the categorical task structure makes it 
possible to measure conflict adaptation, which is not possible in the color-word design.  In 
our categorical food Stroop, we examine the behavioral and neural results for both the 
interference effect (i.e. slower reaction time) caused when the distractor and target were 
not of the same category and the conflict adaptation effect (i.e. faster reaction times) 
caused when the current incongruent trials is preceded by another incongruent trial.  
Importantly, conflict adaptation is a cognitive control mechanism that can help to illuminate 
how the brain modulates its ability to inhibit responses when facing repeated conflicting 
information.  Both the interference and the conflict adaptation measures are tested using 
the same two sets of Sweet and Veggie food exemplars.  Additionally, by using our two 
contrasting sets of exemplars, we can deconstruct the inter-temporal mechanics of conflict 
adaptation for the first time. The categorical food Stroop, like passive viewing, was  




Our now persistent toxic food environment, unstopped or untreated obesity will 
impose severe costs on both the obese individual and on society.  Given that the costs of 
the obesity epidemic are immense, that obesity in many instances may be an adaptive 
response of our homeostatic and hedonic food circuits to our current toxic food environment 
and that cognitive control functioning in the obese population may be a critical, if not 
primary, obesogenic driver, the results from these two studies will advance our 
understanding of the role of inhibitory cognitive control over environmental food cues, the 





















While the primary question of interest in our two studies focuses on neural sensitivity 
to the caloric density of food cues and to acute exercise, we also tracked subjects’ self 
report of appetite.  The purpose of collecting the self-report appetite data was: (a) to use 
the questions in conjunction with an appetite calibration or “topping off” that was completed 
by all subjects approximately two hours before the exercise or rest interventions, (b) to 
observe if, following the exercise intervention, subjects reported a suppression of appetite 
compared to the rest (control) intervention, and (c) to track reported appetite from before 
to after the scanning sessions in order to approximate the duration of appetite suppression, 
if any. To effect the appetite calibration, all subjects were asked to “top-off” their satiety by 
consuming a self-determined amount of a liquid meal that would leave them full but not 
uncomfortable (General Methods-Appetite Surveys and Calibration).  This allowed all the 
subjects to start both experimental sessions with similar self-calibrated states of full satiety. 
Methods	  Specific	  to	  the	  Appetite	  Surveys	  
 
We administered a four question appetite survey to each subject at three points in 
both the exercise and control sessions:  (1) two hours prior to the exercise or rest 
intervention, (2) following the intervention, but prior to commencing the scanning, and (3) 
at the conclusion of the scanning (General Methods-Overview of Study Design).  Because 
the three surveys covered a temporal span of nearly five hours, we structured the survey to 
capture the dimension of being hungry separately from the dimension of being full or sated, 
which may not necessarily be perfectly negatively correlated.  Questions #1 and #2 
reflected the hungry state and questions #3 and #4 reflected the sated state.   The four 
questions were: 
1.  How hungry are you? 




3.  How satiated are you? 
4.  How full are you? 
Responses to the questions were recorded on a visual analog scale and translated to 
percent for analysis.    
Results	  
 
To confirm appetite suppression following exercise, the post intervention (exercise or 
control) survey results from the control session were subtracted from those from the 
exercise session.  Results for each of the four questions, when comparing exercise versus 
rest, directionally confirmed that subjects’ appetites were suppressed as seen in the 
negative average scores for the two hunger related questions and positive average scores 
for the two satiety related questions (Figure 6).    
 
 
Figure 6. Appetite Survey– Post Exercise (Pre-Scan) Collection 
 
Subject level responses from the exercise versus control comparison for Question #1, 
“How Hungry Are You?” provided the primary measure for appetite suppression (Figure 7). 
Ten of the sixteen subjects showed appetite suppression.  Of the six not showing appetite 
suppression, two responses were close to zero.  A paired t-test showed that the group as a 







Figure 7.  Post Exercise (Pre-Scan) Differences in Appetite Ratings (=Control-Exercise) 
 
To assess the persistence of the post-exercise appetite suppression, we examined the 
changes in the responses to each of the four survey questions from post-exercise (pre-
scan) to post-scan (Figure 8).  The average scanning session was ~ 75 minutes in duration.  
By the time the scanning sessions were complete each of the appetite measures had 
reversed itself, indicating a loss of the appetite suppression by the conclusion of the scan. 
 




The results from the appetite survey provide two valuable insights for our studies.  
First, they indicate that our experimental exercise intervention produced a suppression of 




responses across our subjects, it is likely that the effect is not a fixed metabolic response to 
exercise, observed similarly in all individuals.  Moreover, post-exercise appetite self-report 
and post-exercise energy intake, themselves, are not always correlated.  One study, in a 
cohort of obese girls, observed an increase in post-exercise reported appetite but no 
increase in ad libitum eating for a five-day period following the exercise (Dodd et al. 2008).  
Thus, it cannot be concluded that neural findings studied here directly confirm the presence 
of mediating neural circuits for either appetite self-reports or for reduce caloric consumption 
following exercise.  
Second, noting that the suppression of appetite is reversed by the end of the scanning 
sessions, we cannot assume that suppressed appetite, which may be present in the early 
runs within the scanning session, continues to be present for the later runs.  The order 
position of the runs was constant between the exercise and control conditions with Passive 
Viewing first scan being first in the order and Categorical Food Stroop first run occurring 
later in the scanning session.  Accordingly, while we have evidence for the presence of 
appetite suppression during the Passive Viewing runs, we do not have that evidence relative 





















The suppression of appetite following acute exercise has been argued from three sets 
of post-exercise observations: (1) changes in plasma concentrations of appetitive 
hormones, (2) reductions in ad libitum eating, and (3) self-reports of reduced appetite.  
However, little evidence exists for the brain-based mechanisms that mediate a suppression 
of appetite.  In this study we test the hypothesis that as a result of acute exercise, various 
brain areas will reduce their sensitivity to food cues.  The study compares brain responses 
(functional activity) to the passive viewing of high and low calorie food cues in exercise and 
control (rest) conditions.  Based on the functional activity findings as a result of exercise, 
we also examine the more distributed functional networks that help to mediate the brain’s 
response (functional connectivity).  Findings from this study will help to identify changes in 
the brain’s sensitivity to food cues following acute exercise.  
Passive viewing of food studies have principally used contrasts between food and non-
food stimuli.  However, to investigate the neural sensitivity to food cues, as they are 
experienced in today’s hedonic food environment, contrasting high calorie food cues with 
low calorie food cues provides a more ecological probe.  A recent meta-analysis examining 
the passive viewing of food cues identified only seven studies that compared high calorie 
versus low calorie food cues (van der Laan et al. 2011).  Across the seven studies there 
were very few coincident findings.  Most coincident was the activation of the nucleus 
accumbens in response to high versus low calorie food cues, but it occurred in only three of 
the seven studies.  Of the other four coincident findings reported (right cerebellum, left 
middle frontal gyrus, left occipital gyrus and right inferior temporal gyrus), each occurred in 
just two of the seven studies.  All subjects in these studies were adults with normal BMI.   
The low coincidence of findings likely derives from two weaknesses in these studies.  
First, in none of the seven studies was the time from the last meal prior to scanning directly 




subjects came to the scanning session with appetite of varying degrees that were neither 
measured nor calibrated.  Across the seven studies, the average time from last meal ranged 
from just more than one hour to overnight fasts lasting up to 15.9 hours.  Second, in 
several studies, the selection of the exemplars chosen to construct their high and low 
calorie food cue sets resulted in significant inconsistencies in caloric density or 
macronutrient content across the cues within a high or low calorie set. This may have 
contributed to possible confounds that undermine the clarity of the results.  For example, 
three studies included cereal in their low calorie or “neutral hedonic stimuli” sets.  When 
individual stimuli are standardized to caloric density, it becomes clear that they have 
included in their low calorie stimulus sets several calorically dense exemplars (e.g. 339 
calories/100 grams (whole grain wheat cereal) (Killgore et al. 2003; Killgore & Yurgelun-
Todd 2005; Cornier et al. 2007) and 405 calories/100 grams (refined wheat cereal) (Cornier 
et al. 2007) that could be tens times more calorically dense than other lower calorie stimuli 
included.  Similarly, another study constructed appetizing and bland categories with 
calorically dense foods in both categories (Beaver et al. 2006).  Another study included 
protein dense foods in both their high and low calorie cue sets (Goldstone et al. 2009).  
Where possible when constructing sets of food cues, controlling for caloric density of the 
foods within each set, in addition to other dimensions being tested, seems quite advisable.  
Overall, the low degree of coincident findings when using high versus low calorie food cues, 
demonstrates the need for additional well-controlled studies of the passive viewing of high 
and low calorie food cues. 
Relative to the exercise intervention, only one study to our knowledge has included a 
passive viewing of food paradigm in a test of acute exercise-induced appetite suppression 
with normal BMI subjects (Evero et al. 2012).6  This study of 30 normal subjects (17 male) 
used a much shorter paradigm, employed a possibly confounded stimulus set from an 
                                           
6 One other study (Cornier 2012) recently reported findings from an acute exercise condition with passive viewing of food cues, however the 
differences between that study and our study (e.g. obese v. normal, mixed gender v. all male, moderate weight loss in the preceding six months v. 
weight stable, overnight fasting v. “topping-off” prior to the scan, and fixed workload during the exercise v. calorie expenditure during exercise 




earlier published study (Killgore et al. 2003), and did not make a direct contrast between 
high > low calories food cues.  The study reported only one statistically significant finding: 
an ROI based analysis of the insula, which showed a relative deactivation in exercise > 
control when subjects were viewing high calorie > non-food cues and high+low calorie > 
non-food cues.  All other ROI results remained insignificant.  Sub-threshold whole brain 
findings (p=.005, uncorrected) were reported for exercise-induced deactivation of right 
insula, right putamen, right Rolandic operculum, and right supramarginal gyrus.  As 
described, the study employed only a small total stimulus exposure of 27 high and 27 low 
calorie cues compared to 27 non-food cues.  From such a low total exposure, it is likely the 
paradigm was underpowered, despite having 30 subjects.  While the reported findings do 
comport with deactivations hypothesized by the authors, the failure to reach statistical 
significance across the range of their results and the absence of central reward or attention 
processing areas from their findings, leaves considerable uncertainty in their conclusion.  
Moreover, when a design is claimed to be novel and the analysis relies on independent ex-
ante ROIs from studies employing different designs, the strength of any novel findings is at 
least somewhat undermined. 
Acute exercise has also been studied relative to suppression of craving for cigarette 
smoking, with results supporting the reduction of craving following exercise, even for only 
modestly intense exercise (Taylor & Katomeri 2007; Taylor et al. 2007; Ussher et al. 2008).  
One study examined the effects of a short 10-minute bout of bicycling exercise on self-
reported cigarette craving and analyzed brain activation responses using the passive 
viewing of cigarette cues in a block design (Janse Van Rensburg et al. 2009).  In the control 
condition brain activation was observed in the cuneus and the middle and inferior occipital 
gyrus in response to cigarette-related cues v. neutral cues.  In the exercise condition, no 
significant cue dependent activation was observed.  The authors suggest that their findings 
provide evidence for the neural mechanisms the mediate suppression of cigarette craving.  




neutral conditions was reported to provide statistically significant differentiation of the 
exercise effect on cue-dependent brain activity.  Additionally, no findings were reported for 
frontal attention, emotion or reward processing areas, which might be expected in the 
suppression of appetite for a drug. 
To test the neural sensitivity to food cues following acute exercise, we executed a 
paradigm that carefully controlled for caloric density of the food cues and used a customary 
block design with repeated presentation of high and low calorie food cues. These are 
discussed both in the following methods discussion specific to the Passive Viewing study and 
in Chapter 5: General Methods. 
Methods	  Specific	  to	  Passive	  Viewing	  
    
To present a strong contrast between high and low calorie food cues, we chose four 
exemplars in each set of cues that allowed us to exaggerate the differences in caloric 
density between the high and low calorie cues sets.  Our specific selection of the two sets of 
exemplars is shown in Figure 9.  The average caloric density of the high calorie food cues 
(424 calories/100 grams) is more than 1400% greater than the average density of the low 
calorie exemplars (30 calories/100 grams) (See  Chapter 5: General Methods—Caloric 
Density of Food Exemplars).  The four exemplars for each set remained constant for both 
Passive Viewing runs in each condition, though the specific images in each run were unique, 






Figure 9:  Exemplars Used for High Calorie (top row) 
and Low Calorie Food Cues (bottom row) 
 
The two sets of exemplars were presented in a block design in each of two separate 
runs in both the exercise and control conditions.  Block designs have the advantage of 
producing high relative signal (Friston et al. 1999).  Twelve blocks of food cue stimuli were 
presented in each run counterbalanced in order between six high and six low calorie blocks.  
Each block was 16 seconds in duration and contained 16 images of either high or low calorie 
food cues. In each of the two passive viewing runs, each subject observed 96 high and 96 
low calorie stimuli.  The blocks were followed by a 10 second fixation period (Figure 10).  
Within each block images were presented in a fixed pseudo random order.    
 




	  Passive	  Viewing	  Results	  –	  Neural:	  Functional	  Activation	  
  
Whole brain functional activation was examined for stimulus contrasts of high calorie > 
low calorie (Chapter 5: General Methods – Functional Activation: fMRI Analysis).  In the 
control (rest) condition, high calorie cues relative to low calorie cues elicited significant 
BOLD activity in low order visual occipital fusiform and temporal fusiform gyri, the occipital 
pole and the dorsal anterior cingulate cortex (ACC) (see Figure 11a).  In the exercise 
condition, the same high > low calorie contrast resulted in BOLD activity in the occipital 
pole and lingual gyrus, but with no significant dorsal ACC activation (see Figure 11b).  When 
the exercise condition was directly contrasted with the control condition (exercise > 
control), a significant relative signal reduction was observed in the ventral striatum/nucleus 
accumbens, ventral ACC and dorsal ACC areas (Figure 11c).  In the exercise > control 
comparison, for the high > low calorie contrast, no significant relative increased BOLD 
activity was observed. 
 





11b. Exercise Condition 
 
 
11c.  High > Low Calorie in Exercise > Control 
Figure 11.  Passive Viewing Functional Activation for High > Low Calorie Food Cues 
 
Because the above functional activity findings are contrasts of two or more 
parameters, the interpretation of their reduced activation findings are limited to relative 
reductions in BOLD brain activation between the contrasted parameters.  By comparing 
single parameters to single condition baselines we also identified absolute reductions of 
activity in the components that build up to make the relative finding of reduced activation in 
the dorsal ACC and the nucleus accumbens (Figure 11c).  The areas tested for the signal 
change are indicated by green circles in Figure 11c above and are the same areas that 
serve as seeds used in the subsequent functional connectivity analysis.  By reading across 
the three figures in Figure 12, we determine that the relative suppression of the dorsal ACC 




and nucleus accumbens in the exercise condition were both also absolute reductions in 
activation.  For the exercise condition (pink bars), the dorsal ACC showed reduced 
activation relative to baseline when high calorie stimuli were viewed (Figure 12a) but 
showed no signal change relative to baseline when low calorie stimuli were viewed (Figure 
12b).  This clarifies that the signal change in the high > low calorie contrast in the dorsal 
ACC is an absolute reduction in activation (Figure 12c). Similarly for the nucleus 
accumbens, when viewing high calorie stimuli following exercise the nucleus accumbens 
showed large reduced activity relative to baseline, while when viewing low calorie stimuli 
showed an increase relative to baseline, but a more modest one.  Thus, the resulting large 
relative deactivation of the nucleus accumbens can be understood as a large deactivation 
from viewing high calorie stimuli made to look somewhat larger by the increased activation 
when viewing low calorie foods. 
 
 





12b.  LoCal v. Baseline 
 
12c.  HiCal > LoCal 
Figure 12.  Signal Change Analysis 
 
Passive	  Viewing	  Results	  –	  Neural:	  Functional	  Connectivity	  (PPI)	  
 
Functional connectivity (PPI) was examined using as seeds the two principle areas that 
showed reduced functional activity: the dorsal ACC and the nucleus accumbens (Chapter 5: 
General Methods-Functional Connectivity (PPI) fMRI Analysis/PPI Seeds of Interest).  The 
dorsal ACC seed showed increased functional connectivity or coupling with the right mid and 
posterior insular, the right putamen, the right temporal pole/STG and the right inferior 




functional connectivity was observed for the reverse comparison (control > exercise) for the 
dorsal ACC seed.   
 
Figure 13.  Passive Viewing Functional Connectivity Using Dorsal ACC as Seed 
Exercise > Control. 
 
The nucleus accumbens seed showed increased functional connectivity with the right 
precentral gyrus, the right middle frontal gyrus, the right parietal and central operculae, the 
right superior parietal lobule and the right inferior frontal gyrus, for the exercise > control 
contrast (see Figure 14a). In the inverse control > exercise contrast, the nucleus 
accumbens seed showed increased connectivity with the right superior temporal gyrus, the 
right temporal fusiform, the right amygdala, the bilateral amygdala, the right OFC, and the 






14a.  Exercise > Control 
 
 
14b.   Control > Exercise 





Functional	  Activation  
By using highly differentiated sets of high and low calorie food cues, we have shown 
that exercise has an impact on the functional activation of certain brain areas, related to 
visual, attention and reward processing.  Specifically in the control condition for high > low 
calorie food cues, we found greater functional activity in the dorsal ACC (a frontal attention 




areas) and the occipital pole (a higher-order visual processing area).   These control 
condition results help to confirm the basic validity of our design as the higher calorie food 
cues, with substantially higher reward values, were expected to produce higher attention 
responses and up-regulated visual object recognition and association responses.  In the 
exercise condition, the high > low calorie contrast showed significant activation for the 
occipital pole and lingual gyrus (higher order visual processing areas) with no evidence of 
dorsal ACC activity, an area that would suggest greater frontal attention. The loss of the 
frontal attention activity relative to high calorie food cues in the exercise condition is 
consistent with appetite suppression as when the ability is diminished for high calorie food 
cues to elicit attentional resources from the brain.   
Relative to the results presented in the food passive viewing meta-analysis, none of 
our control conditions observations overlap with those reported in the meta-analysis.  
However, in our exercise condition comparison (exercise > control) we did observe absolute 
suppression of the nucleus accumbens activity in the same coordinates as reported.  This 
suggests that nucleus accumbens activation in the control condition becomes relatively 
suppressed following the exercise condition.  That our control activation does not overlap 
with the meta-analysis can be explained by the differences in our experimental focus, 
protocol and control procedures discussed above.  Most of the meta-analysis studies 
completed their passive viewing scans after periods of fasting and did not use an appetite 
calibration on their subjects’ satiety prior to scans.  Our focus was not on appetite 
expression following fasting but rather on appetite suppression following exercise.  The 
“topping-off” with liquid meals allowed us to zero out each subject’s appetite to the same 
approximate state of full satiety at two hours before the pre-scan exercise intervention, but 
it may have also resulted in our subjects being relatively more sated (and thus less 
sensitive to food cues and especially to high calorie food cues) than subjects in other 




When the exercise condition is directly contrasted with the control condition (exercise 
> control), the nucleus accumbens, the ventral ACC and the dorsal ACC each showed 
reduced activation for high calorie > low calorie comparison.  These three areas of 
suppressed activation are associated with reward motivation and homeostatic appetite 
regulation, emotional processing and attention processing, respectively.  This exercise-
control comparison provides evidence that the acute exercise intervention has down-
regulated areas that are associated with both reward and emotion processing areas (ventral 
striatum and ventral ACC) as well as an attention processing area (dorsal ACC), in response 
to high > low calorie food cues. 
Compared to the two exercise-conditioned passive viewing studies discussed for food 
and cigarettes, our findings extend the identification of brain areas that may mediate 
appetite suppression to frontal attention, ventral emotion and ventral reward areas while 
providing stronger statistical confidence.  In contrast to the food passive viewing exercise 
study, our findings are all based on whole brain analysis using a threshold of p=.05, cluster 
corrected (Chapter 5: General Methods-Functional Activation fMRI Analysis).  Our findings 
of significantly reduced activation, as a result of acute exercise, in the dorsal ACC, an 
attention processing area, the ventral ACC an emotion processing area and the nucleus 
accumbens, a reward and motivation processing area, provide new evidence for neural 
correlates of appetite suppression in a response to acute exercise.  The suppression of these 
three areas following exercise relative to high > low food cues, is consistent with a neural 
mechanism that underlies suppressed appetite by down-regulated neural resources for 
attention processing, for emotional engagement, and for motivated response, all relative 
the appetitive food cues.  In contrast to the cigarette viewing passive viewing study, we’ve 
shown both a direct comparison between exercise and rest and report findings that include 
the frontal attention and ventral reward and emotion areas. 
By having subjects calibrate to a standardized satiety with a pre scan “topping-off” 




within the two cue sets, we believe we have produced clear findings of neural sensitivity to 




No study to date has presented functional connectivity findings of passive food viewing 
following an acute exercise intervention.  By using as our PPI seeds two principal brain 
areas that showed reduced functional activity following exercise, we extend our findings of 
brain responses to acute exercise to the functional networks that are positively or 
negatively correlated with the suppressed seed areas.  The dorsal ACC seed, an attention 
processing and task switching processing area, showed increased functional connectivity 
with the right insula, putamen, temporal pole, and IFG.  Collectively, these areas indicate 
that the suppressed dorsal ACC was coupled with interoception, visual processing and 
executive functioning. The nucleus accumbens seed, a central structure for reward and 
motivation processing, showed increased functional connectivity with two areas in common 
with the dorsal ACC seed: the overlapping coupling with the IFG and the coupling with the 
central and parietal operculae, areas adjoining the central and posterior insula that was 
functionally connected to the dorsal ACC.  The nucleus accumbens also exhibited increased 
functional connections to MFG, SPL and the precentral gyrus.  Significant decreases in 
functional connectivity were observed for the nucleus accumbens in the exercise > control 
comparison.  These areas negatively correlated with the seed included limbic areas related 
to salience detection (amygdala), reward valuation (OFC) and memory (HC), as well as 
visual processing (temporal fusiform and STG). 
Summary	  	  
 
Taken together, the functional activity and functional connectivity findings that we 
report here depict a distributed response of suppressed activation of attention, emotion and 




By extending our analysis to include the functional connectivity of two principle areas with 
reduced activity following exercise, we have identified functional networks that reflect 
significant positive and negative correlations of a food sensitivity complex in the brain.  
Figure 15 summarizes the functional activation and functional connectivity findings 
(positively and negatively correlated) in to a single diagram.  These findings help to further 
elucidate the neural circuitry that mediates appetite and changes to appetite.  Specifically, 
relative to brain based responses to acute exercise when passively viewing high versus low 
calorie food cues, these are the first statistically significant neuroimaging findings to be 
reported that identify possible neural mechanisms that may mediate appetite suppression 
following exercise.  
	  
	  
Figure 15.  Neural Sensitivity to Food Cues Relative to Exercise Effect 





Exercise-Induced BOLD Confound.  Exercise or intense physical activity, besides 




flow, which in some instance can lead to increased BOLD signals.  A separate discussion of 
this possible limitation is presented in Chapter 6: Summary and Conclusions.  For the 
evidence and reasoning summarized there, we do not believe that our BOLD dependent 
neural results are subject to this confound. 





















The weight gain underlying the obesity epidemic most likely arises from chronic excess 
caloric in-take as many individuals are unable to resist the abundance of hyper-appetizing 
food cues now served by our toxic food environment.  The traditional Stroop interference 
paradigm is a highly reliable psychometric test that can provide insight into the attentional 
bias commanded by visual cues and the response inhibition that interacts with cue-driven 
attentional bias (Jensen & Rohwer 1966).  Numerous “food Stroop” studies have been 
published since the mid 1980’s, however each only attempts to measure the lexical 
interference of food-related words when naming word color.  Here, we use a more powerful 
application of cognitive interference in a novel picture-word interference (PWI) task that we 
term a “categorical food Stroop.”  It uses veridical food images as distractors while the 
subject is categorizing the target food word, which is overlain on the food distractor.  By 
employing a carefully calibrated set of high and low calorie food cues (“Sweets” and 
Veggies”, respectively) in the task, we are able to dissociate the relative interference of 
high and low calorie foods on the response inhibition required to perform the task.  In 
addition to testing the interference effect, we also measure conflict adaptation, an inter-trial 
interaction that affects the response inhibition performance.  Conflict adaptation is a 
cognitive control mechanism, where the presence of a conflict in the preceding trial engages 
a conflict monitoring systems, which, because it is already engaged, speeds the response 
time on the succeeding trial (Botvinick et al. 2001).  With the high and low calorie food 
cues, we can test both the impact of food cues on this cognitive control mechanism and 
gain additional insight into the mechanics of conflict adaptation.   
In these color-food word studies, the typical finding is that the response latency is 
longer to identify the color of a food word  (or high calorie food word) than it is for a non-
food word (or low calorie food word).  By using a categorical Stroop task structure with food 




less abstract) task of categorizing the food word into a food category.  The novel categorical 
food Stroop paradigm that we employ allows us to examine the effects of veridical food 
cues that vary in caloric density as distractors against the categorization of the food words. 
Significantly, the design of color-word food Stroop studies is limited and cannot 
directly generate observations of the cognitive control mechanism of conflict adaptation, 
which could provide valuable insight into the cognitive systems that guide our response 
selection when we face a plethora of hedonic food cues.  Conflict adaptation, is a type of 
Gratton effect (Gratton et al. 1992), where the presence of a preceding neural process 
facilitates a subsequent process, i.e. an inter-trial effect.  Its been demonstrated in a 
categorical face Stroop that the facilitation that occurs as a consequence of cognitive control 
is the result of amplification of task relevant information and not inhibition of task irrelevant 
information (Egner & Hirsch 2005a). This was evidenced by increased functional 
connectivity (PPI) between the dorsal lateral prefrontal cortex (dlPFC) and the fusiform face 
area when cognitive control was benefiting the current trial.  Thus, the categorical visual 
(food or faces) Stroop paradigm provides a valuable tool to examine the nature of cognitive 
control when individuals are facing conflicting response options, as they are in our toxic 
food environment.   
Central to our categorical food Stoop paradigm is the use of the two sets of high and 
low calorie food cues.  As discussed above in the Passive Viewing Introduction and Methods, 
the two sets are highly differentiated in terms of caloric density.  To avoid a range of 
confounds, all the high calorie exemplars in the set were deserts and all the low calorie 
exemplars were vegetables, each approximately a single serving size.  Each of these eight 
food cues served randomly as a distractor image while their names serve as targets.  Since 
the task is to categorize the word target, when the target and distractor are from the same 
category, they are congruent.  When they are from opposite categories they are 




cues may be substantively different from decisions about ink color, or face categories, or 
other cognitive interference stimuli sets.    
The results from the post exercise to post-scan appetite surveys, discussed in Chapter 
2, indicate that there is no behavioral basis from which to investigate appetite suppression 
in the categorical food Stroop.  However, besides possible appetite suppression, acute 
exercise has also been observed to have two other carryover impacts on cognitive studies.  
First, since exercise increases the cerebral blood flow and cerebral blood flow has some link 
to the BOLD signal, some commenters have expressed concern about a possible confound 
with the BOLD signal following exercise.  For reasons detailed in the Chapter 6: Exercise 
Induced BOLD Confound, we do not believe the confound bears on our findings.  Second, 
acute exercise has also been shown to have a (usually) beneficial effect on the performance 
of many cognitive tasks (McMorris & Hale 2012; Hogervorst et al. 1996).  This effect is seen 
variously in faster reaction times and/or improved accuracy in the post exercise tests.  For 
example, one Stroop study, using acute exercise of only 10 minutes and then a 15 minutes 
delay, recently demonstrated an improvement in response time of 70 ms and in accuracy 
(Yanagisawa et al. 2010). 
	  
Methods	  Specific	  to	  Categorical	  Food	  Stroop	  
Subjects	  	  	  	  
 
Sixteen subjects completed the study in both conditions.  However, one subject was 
removed due excessive errors in one run, which most likely resulted from mis-positioning 
his hand mid-run.  Fifteen subjects are included in the following behavioral and neural 
analysis.   
Trial	  Structure   
The categorical food Stroop trial structure differs from the traditional color-word 




word text with the distractor being the lexical name of the word.  In our categorical food 
Stroop, the task is to name the category that the food word target belongs to, while the 
distractor is a background image of a food belong either to the same category as the word 
(congruent) or to a different category than the word (incongruent) (Figure 16). 
 
 
     16a.   Traditional Color-Word Stroop                       16b.   Color-Word “food” Stroop 
 
 
16c.   Categorical Food Stroop 
Figure 16.  Comparison of Stroop Trial Structures 
 
In the categorical Stroop trial structure, the picture-word compounds are constructed 
from the food words as targets overlain on the food pictures as distractors.  Thus, there are 
eight total targets and pictures from the sum of the four high and four low calorie 
exemplars in the two food cue sets. Figure 17 gives examples of the four high calorie 
targets in the top row and four low calorie targets in the bottom row.  Each picture is 
labeled in the upper right with a green “H” or “L” to designate the caloric characteristic of 
the target.  Below each picture is the congruency characteristic of the picture-word 
compound.  
Food word category is target 
 
 





Figure 17. Stroop Picture Word Compounds 
Figure 18 takes the above compounds, consolidates the labels and reorders them so 
that all the incongruent compounds are on the top and the congruent compounds are on the 
bottom.  The interference effect is calculated by taking the average response time of the 
incongruent trials and subtracting the average response time of the congruent trials.   
 
Figure 18. Stimuli Nomenclature: Congruency and Caloric Density 





Conflict	  Adaptation  
To assess the presence of conflict adaptation, incongruent trials are grouped into two 
sets according to the congruency of the preceding trial: (1) II trials, where the current trial 
is an I (incongruent) trial and the preceding trial is also an I (incongruent) trial and (2) CI 
trial pairs, where the current trial is an I (incongruent) trial and preceding trial is a C 
(congruent) trial (Figure 19).  The size of the conflict adaptation effect is measured by the 
difference in the reaction times of the second I trial in the CI and II trial pairs.  
 
Figure 19. Trial Pairs in Conflict Adaptation 
  
Because our interest is in the effect of the high and low calorie food cues on cognitive 
control, the interaction between food cues and the conflict adaptation effect was 
investigated by segmenting the overall conflict adaptation effect by the caloric characteristic 
of the CI and II trial pairs in the conflict adaptation analysis. Given that we use two 
separate caloric sets (high and low), there are four possible caloric pairings:  HH, HL, LH 
and LL.  To illustrate, in the example given in Figure 19, both the CI and the II pairs are 
constructed from high calorie food word targets in both the current and preceding trials, 
making it an HH set.  Figure 20a shows that same HH conflict adaptation now marked as an 
HH set.  For contrast, Figure 20b shows an LH conflict adaptation construction.  Similarly, 





20a. HH Trial Pairs 
 
20b.  LH Trial Pairs 
Figure 20.  Conflict Adaptation Illustrated with HH and LH Caloric Trial Pairs  
	   	  
Behavioral	  Analysis   
Data from the behavioral responses from the subjects were filtered to prevent the 
inclusion of incorrect responses, responses following incorrect responses, timeouts 
(responses longer than 1.5 seconds) and responses occurring more than 3 standard 
deviations after the subject’s average response time (Egner & Hirsch 2005a).  The resulting 
filtered data were used in the behavioral analysis and to prepare regressors for the fMRI 
GLM and PPI analysis. 
Interference	  Results	  –	  Behavioral	  
 
The differences in response times between incongruent and congruent trials for both 
high calorie targets (low calorie distractors) and low calorie targets (high calorie distractors) 
produced significant interference effects, 58.5ms and 42.7ms, respectively (Figure 21a). 
The observation of significant interference effect for both food cue sets confirms basic 




calorie targets and high calorie targets response times were not significantly different than 
zero (Figure 21b).  However, for incongruent trials, high calorie targets resulted in a 
significant 17.9ms delay in response compared to low calorie targets (Figure 21b). 
 




21b.  Stroop Effect by Congruency 
Figure 21.  Stroop Interference by Food Cue and Congruency. 
 
There was no significant difference in the interference effect between the exercise and 
control conditions (Figure 22), suggesting no effect of appetite suppression during the food 
Stroop runs.   In conjunction with the conclusion earlier that the appetite effect is not 




Figure 8), the remaining behavioral and neural analysis will be completed by collapsing the 
data from the control and exercise conditions.   
 
 
Figure 22.  Stroop Interference Between Exercise and Control 
 
Individual results also confirm the presence of the interference effect (Appendix Figure 
A-1).  Of the 32 condition result sets (16 subjects x 2 conditions), only one failed to show 
the interference effect, as indicated in the circle in the figure.  Also time-outs (failure to 
respond in the task window) and incorrect responses were analyzed for differences between 
high and low calorie tasks (or distractors), between runs, and between conditions.  The 
average error rate was 4.67% and the average rate of time-outs was 1.86%.  There were 
no significant differences in the error and time-out rates between high and low calorie 
tasks, between runs or between conditions (Appendix Figure A-2). 
Interference	  Results	  –	  Neural:	  Functional	  Activation	  
 
Functional activation findings for the interference effect are represented in the contrast 
Incongruent > Congruent and showed activation primarily in three dorsal posterior areas 
(the supramarginal gyrus, the superior division of the LOC and the superior parietal lobule 
(SPL)) (Figure 23).  The reverse contrast (Congruent > Incongruent) showed more 




parahippocampal gyrus), frontal areas (frontal pole and MFG), and more posterior areas 
(precuenus, angular gyrus) and the frontal gyrus (Figure 24).   
 
Figure 23.  Interference: Incongruent > Congruent 
 




Interference	  Results	  –	  Neural:	  Functional	  Connectivity	  
 
 
Given the strong activation of the superior parietal lobule (SPL) during Incongruent > 
Congruent, the SPL was used as a seed for analyzing functional connectivity that reflects 
the processing of cognitive interference.  The SPL seed region is indicated by a green circle 




connectivity findings (Figure 25 & 26).    Significant changes in functional connectivity were 
found for increased coupling and decreased coupling.  Increased coupling with the SPL seed 
during the processing of interference (Incongruent > Congruent) was observed in the 
bilateral superior temporal gyrus (STG), the bilateral middle frontal gyrus (MFG), the left 





Figure 25. Stroop Interference Functional Connectivity (PPI-positively correlated to seed)  
Based on Superior Parietal Lobule Seed:   
Incongruent > Congruent 
 
Decreased coupling with the SPL seed was observed in the bilateral superior frontal 
gyrus/frontal pole, the bilateral pre-motor cortex, the bilateral posterior cingulate cortex, 







Figure 26. Stroop Interference Functional Connectivity (-PPI, negatively correlated to seed) 
Based on Superior Parietal Lobule Seed: 
Incongruent > Congruent 
 
Conflict	  Adaptation	  Results	  –	  Behavioral	  
Conflict adaptation behavioral results are calculated by comparing the difference in 
average reaction times for incongruent trials once they have been segregated into two 
groups: (a) those preceded by a congruent trial (designated CI) and (b) those preceded by 
an incongruent trial (designated II)(see Methods above, Figure 16).  The average overall 
conflict adaptation effect was 21ms (Figure 27).7  Individual results also confirmed the 
conflict adaptation effect, as 24 of the 30 subject-conditions observations showed the 
overall effect (Appendix Figure A-3).  
                                           





Figure 27.  Overall Conflict Adaptation (CI-II) 
 
The overall conflict adaptation result was also segmented into four individual measures 
of conflict adaptation based on the caloric characteristic (high or low) of each member in 
the trial pairs (Figure 28a).  When segmented, only the HH calorie pair continues to show a 
significant adaptation effect (57ms, p<.001), the effect size of the three remaining pairs 





28a.  Caloric Pair Segments 
         
 
28b. Conflict Adaptation Effect Size 
Figure 28. Conflict Adaptation Segmented by Calorie Characteristic of the Word Target 
 





Based on the behavioral findings of strong conflict adaptation for HH caloric trial pairs, 
we focused the neural analysis on understanding brain response during the HH trials and 
how that response differed from the other three-calorie pairs for II trials contrasted with CI 
trials (II > CI).  Contrasting the high adaptation HH trials with the low (or no) adaptation 
trials (HH > LL+H+LH) showed a relative increased activation of the parahippocampal 
gyrus, the right SPL, the right amygdala, the bilateral temporal-occipital gyrus, the right 
OFC, and the right angular gyrus (Figure 29). 
 
Figure 29. Relative Functional Activation from Conflict Adaptation of HH > LL+LH+HL  
The inverse contrast of low (or no) adaptation compared to high adaptation 






Figure 30.  Relative Functional Activation from the Absence of Conflict Adaptation (CI-II) 
for HH > LL+LH+HL 
 
  
Conflict	  Adaptation	  Results	  –	  Neural:	  Function	  Connectivity	  
 
Functional connectivity analysis was completed on the conflict adaptation functional 
activation results by examining two seeds for the high cognitive control case (II > CI).  
Based on the behavioral finding that only the HH calorie pairs generated statistically 
significant conflict adaptation, we specifically tested the functional connectivity for the HH > 
HL+LH+LL contrast.  Five areas of functional activation were examined were examined as 
seeds (SPL, PHG, Amygdala, OFC and Angular Gyrus).  Here we report the results for two 
seeds, the SPL and PHG, since they are functionally and spatially distinct from each other 
and since their connectivity results represents the main effects observed in the other seeds 
as well.   
Increased functional connectivity for the SPL seed was observed in the putamen, PHG, 
Thalamus, Frontal Operculum/Insula and the OFC (Figure 31-top legend line/warm color 
results).  Decreased functional connectivity was observed between the SPL and middle 
occipital gyrus, the lingual gyrus, the postcentral gyrus and the occipital-fusiform gyrus 







Figure 31.  Functional Connectivity for High Conflict Trials 
Correlated Functional Connectivity: Top Line Legend (warm colors) 
Anticorrelated Functional Connectivity:  Bottom Line Legend (cool colors) 
Seed: Superior Parietal Lobule (green circle) 
 
For the PHG seed, increased functional connectivity was observed in the PHG (outside 
the seed area), the superior frontal gyrus, the medial frontal gyrus, the dorsal ACC and the 
subcallosal cortex (Figure 32-top legend line/warm color results).  Decreased functional 
connectivity was observed between the PHG seed and the SPL, the postcentral gyrus, the 






Figure 32. Functional Connectivity for High Conflict Trials 
Correlated Functional Connectivity: Top Line Legend (warm colors) 
Anticorrelated Functional Connectivity:  Bottom Line Legend (cool colors) 






Behavioral	  –	  Interference	  	  
The categorical food Stroop paradigm, using high and low calorie food cue stimuli sets, 
produced a significant interference effect that varies between high and low calorie food 
word targets, 58.5ms and 42.7ms, respectively.   Our results are notably different than 
those reported by studies using the traditional color-word food Stroop paradigms.  Several 
published color-word food Stroops have failed to generate interference.  Compared to those 
traditionally designed Stroop studies that have reported an interference effect, our 
interference effect is approximately double in duration (Table 2).  It has been argued that 
“Stroop interference, as a measure of craving triggered by food cues, might be a useful aid 
in assessing the risk of relapse” in eating disordered individuals (Overduin et al. 1995).  




suggests that the categorical food Stroop design we developed may have clinical or 
diagnostic value.   
To account for our more robust results, we compared our findings to two other studies 
completed within our lab.  An earlier categorical picture-word Stroop, also using a word 
categorization task, found a 50ms interference effect (Egner 2005), which is at the midpoint 
between our high and low calorie observations.  And more recent categorical picture-word 
Stroop, using alcohol cues but with a picture categorization task, found an interference 
effect of only 26ms.  The larger interference observed in the word categorization task 
compared to the picture categorization task likely arises from the word categorization task 
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Table 2. Comparable Food Stroop and Categorical Picture-Word Stroop Studies 
 
Behaviorals	  -­‐	  Conflict	  Adaptation	  	  
 
A primary advantage of the categorical food Stroop paradigm is the ability to study 
cognitive control relative to food cues by examining the conflict adaptation effect, a form of 
cognitive control that can improve response inhibition, a trait which is viewed as critical to 
adaptive functioning (Zacks & Hasher 1997).   The overall conflict adaptation we observed 
was 21ms (Figure 26), which is comparable to other recent picture word categorization 
studies completed in our lab (Table 2) (DeBellis 2011; Egner & Hirsch 2005b; Egner et al. 
2008).  However, by using our high and low calorie food cues with their graded semantic 
difficulty, we further observed that the overall adaptation result could be decomposed into 
four segments based on the calorie characteristics of the trial pairs (Figure 27).  The 
resulting decomposition showed that HH calorie pair exhibited an strong conflict adaptation 
of 57ms, while the remaining three calorie-based trial pairs (HH, HL, and LH) did not exhibit 
any significant conflict adaptation.   
The specificity of the adaptation effect to the HH trials can be at least partly explained 
by examining the relative difficulty for each trial member in the II trial pairs (Table 3). The 
differential difficulty arises from our interference finding that individual high calorie word 
target incongruent trials take 17.9 ms longer than low calorie word trials.  In the HH trials, 
the first I of the II pair (the I trial immediately preceding the current I trial being timed) 
uses a high calorie word as a target, generating a relatively high degree of interference and 
thus maximally recruiting the conflict monitoring system.  The second I (the I trial being 
timed), is also a high calorie incongruent trial, and will again generate relatively large 




benefit from conflict monitoring that was already recruited on the in preceding.  In 
conjunction, the first high calorie word I trial recruits the conflict monitoring to its maximal 
extent and the second high calorie word I trial, which has high conflict, receives maximal 
gain from the pre-activated conflict monitoring system.  The HH row in Table 3 illustrates 
this with both II trials colored by the strong orange color to depict high conflict.  
At the other extreme, II trial pairs comprised of LL calorie word targets generated only 
5.5ms of conflict adaptation, which was not significantly different from zero.  Recognizing 
that individual low calorie word target incongruent trials generated relatively weaker 
interference (17.9ms less than high calorie word incongruent trials), it is possible to show 
how conflict adaptation is weakly recruited and then weakly used.  In the LL trial pairs, the 
first I trial is a low calorie target, which generates less interference, and more weakly 
recruits the conflict monitoring system.  The second I trial also generates relatively less 
interference and so has less that it can gain from the ready conflict monitoring and 
response inhibition systems.  Together, when II trial pairs are both comprised of low calorie 
word targets (LL), the first I low calorie word trial weakly recruits the conflict monitoring 
systems while the second I low calorie word trial has little need and little it can gain from 
the pre-activated conflict monitoring system.   The LL row in Table 3 illustrates this with 
both II trials colored by the weaker yellow color to depict lower interference or conflict.  
The remaining two II trial pairs have unmatched conflict in their adjoining incongruent 
trials.  In the HL trial pairs, the first member (H) strongly engages the conflict monitoring 
system, but the second member of the pair (L) has relatively less it can gain from the pre-
activated system.  The HL trial pairs generated a modest 12.7ms of adaptation but it was 
not significantly different than zero.  Conversely, in the LH trial pairs, the first member (L) 
only weakly recruits the conflict monitoring system, while the second member of the pair 
(H) has high need but receives less benefit from the weakly pre-activated conflict 




significantly different from zero.   The mixed coloring for the HL and LH trials in Table 3 
illustrates the mismatched nature of the conflict in these two trial pairs.  
Previous work in our lab and others has shown that conflict adaptation was not a 
single generalized brain feature, but had separate neural components depending on the 
task-stimulus combination (Egner et al. 2008). Here we have shown that the conflict 
monitoring system that drives conflict adaptation not only has high specificity, but also 
exhibits a graded response depending the size of the prior conflict and the strength of the 
demand for adaptation.  Our findings, which we derived from only 15 subjects, showed the 
HH trials generated strong conflict adaptation but we were unable to significantly distinguish 
the degree of adaptation in the remaining three trial pairs LL, HL and LH.   
Our inability to elicit significant conflict adaptation effects in the three “low adaptation” 
calorie pairs, may result from a limitation that arises when using reward eliciting stimuli in 
conjunction with conflict adaptation.  A recent study found that conflict adaptation is 
reduced when the stimulus set exhibits rewarding characteristics (van Steenbergen et al. 
2009).  Our food cue exemplars, used as both targets and distractors, may contribute to 
reduced conflict adaptation in the three low adaptation calorie pairs. 
When considering the conflict adaptation effect from the perspective of response 
inhibition relative to food cues, two observations can be made.  First, the specificity with 
which cognitive control appears to be activated could be reflective of broader appetite 
regulation, which can also exhibit stimulus specific satieties (Rolls et al. 1981) even in 
amnesiacs without a functional memory (Higgs et al. 2008).  Our findings suggest that the 
cognitive control over response inhibition relative to food decisions may be relatively 
specific.  This is seen in the weak or possibly no existent adaptation effect for the 
mismatched calorie trial pairs, HL and LH.  Second, the amount of cognitive control over 
response inhibition may vary by the amount of conflict previously experience in the 
environment.  This is seen by the high cognitive control in the HH trials that was not 




decisions should help regulate appetite.  This differential in the adaptation effect between 




3a. Trial Component Difficulty 
 
 
































Distractor Picture	  Low Picture	  Low  Picture	  Low Picture	  
Low 
 	  
Time	   824	  ms	  +/-­‐16 -­‐ 767	  ms	  +/-­‐13 = 57	  ms	  
LL	  
Task	   Word	  High	   Word	  Low	  
(easy/fast)	  





Distractor	   Picture	  High	   Picture	  High	    Picture	  High	   Picture	  
High	  
 	  
Time	   780	  +/-­‐15	   - 775	  	  +/-­‐17	   = 5	  ms	  
LH	  
Task	   Word	  High	   Word	  High	  
(hard/slow)	  





Distractor	   Picture	  High	   Picture	  Low	    Picture	  High	   Picture	  
Low	  
 	  
Time	   810	  =/-­‐14	   - 801	  	  +/-­‐15	   = 9	  ms	  
HL 









Distractor Picture	  Low Picture	  
High 
 Picture	  Low Picture	  
High 
 	  




3b. Color Code for Strength of Conflict. 
Table 3.  Conflict Adaptation Components Color Coded for Trial Difficulty. 
 
Neural	  -­‐	  Interference	  
 
Interference that resulted from our categorical food Stroop paradigm (Incongruent > 
Congruent) produced activation focused in the supramarginal gyrus and the superior 
parietal lobule (Figure 23).  Activation in the supramarginal gyrus has previously been 
associated with reading and lexical decoding (Twomey et al. 2011).  Our observed 
supramarginal gyrus activation is consistent with increased neural activity to accommodate 
the reading component of our task demands. The superior parietal lobule has been 
associated with both orienting of spatial attention (Posner & Petersen 1984) as well as 
visual categorization (Fitzgerald et al. 2012).  Our observed SPL activation is consistent with 
the expectation that the categorization requirement of our task, in the presence of the 
veridical food distractors, likely generates increased demand for neural resources to support 
attention and categorization needs.     
The absence of conflict or interference is observed in the inverse contrast (Congruent 
> Incongruent) (Figure 24).  Our findings show neural activation that is consistent with task 
negative or default mode network neural activity including the ventral medial PFC, ventral 
ACC, and precuneus (Fox et al. 2005; Vincent et al. 2006). 
Traditional color-word Stroops and cognitive picture-word Stroops have both identified 
the dlPFC as more active during incongruent than congruent trials.  In our study, activation 
of the dlPFC did not survive statistical thresholding. Two possibilities can account for our 
 CI	   II	  

























lack of replication of prior dlPFC findings.  First, it is possible that differences in stimulus 
nature and trial structure between our and traditional studies accounts for this.  Relative to 
differences in stimulus nature, one study from our lab showed that, for affective stimuli and 
distractors in a picture word Stroop, activity in the vmPFC appeared to substitute for activity 
from the dlPFC (Egner et al. 2008).  The task in that study (categorize picture) still differed 
from ours (categorize word).  We believe there is no preceding study against which our 
results can be precisely compared.  Second, it is possible that our study lacked power since 
we included only 15 subjects.  However, the total number of trials included (from two runs 
in two conditions) is large compared to other interference-oriented studies.   
The neural processing of cognitive interference was also examined for changes in 
functional connectivity using the superior parietal lobule as a seed.  Two of the areas 
showing increased connectivity with the SPL are associated with executive processing (MFG 
and IFG), one is associated with increased neural arousal generally (thalamus) and one is 
associated with higher order visual and cognitive processing (anterior STG)(Figure 25).  
Collectively, this increased connectivity with the SPL is consistent with the recruitment of 
brain areas that can assist in the improved response inhibition observed in the II > CI case 
when exposed to HH stimulus pairs.  Of the areas showing decreased coupling with the SPL 
seed, two are associated with motor planning (premotor cortex and supplementary motor 
area) and one often correlates with task negative activation.  That decreased coupling is 
observed with the motor cortex, may suggest that when cognitive control is recruited, less 
motor control is needed to inhibit a potentially wrong response. 
	  
Neural	  –	  Conflict	  Adaptation	  
 
The observation of strong adaptation effect (57ms) of the HH trial compared to no 
significant adaptation from the other three trial pairs (LL+HL+LH) focused our neural 
comparison between the high adaptation (HH) trials and the low (or no) adaptation trials as 




CI contrast.  When examining this contrast for the HH versus others comparison, we 
observed significant functional activity in the bilateral parahippocampal gyrus (PHG)(a 
memory processing area), the amygdala (a salience processing area), the right OFC (a 
reward valuation processing area), the angular gyrus (a lexical association area), the 
temporal-occipital gyrus (a vision and object recognition processing area), and the SPL 
(discussed above)(Figure 29).  A recent event related potential (ERP) study identified 
parietal lobe activity that tracked both the differentiation of incongruent from congruent but 
also which monotonically tracked the conflict context of the previous trial, after accounting 
for any priming effects.  Our SPL activity in the II > CI contrast is consistent with the 
finding from the ERP study.   
In conditions when cognitive control is not recruited (CI>II), areas relatively activated 
include two areas associated with the default mode network, which is often observed in task 
negative contrasts, including the precuneus and the rostral ACC.  
Functional connectivity analysis employed two seeds from the functional activation 
findings, the SPL and the PHG.  While the seed areas are spatially and functionally distinct 
from each other, their broad connectivity patterns were similar with increases in 
connectivity centering on multiple ventral/anterior areas while decreases centered on 
dorsal/posterior areas.  Basic conjunction analysis at the voxel level was completed to 
identify brain areas, which shared overlapping functional connectivity with both the SPL and 
PHG seeds (Figure A4 and A5).  As a result we observed a high degree of overlap in the 
distributed functional networks of the two seeds for both increased coupling and decreased 






Figure 33.  Functional Network Mediating Cognitive Control Over Food Categorization 
Decisions  

















The general methods presented in this chapter apply to both studies. The experimental 
design & paradigm for the Passive Viewing study is presented in Chapter 3, and for the Food 
Stroop study is presented in Chapter 4. 
	  Subject	  Selection	  and	  Population	  
 
Subjects were paid volunteers and solicited in conformity with CUMC’s IRB-AAAF0604 
Protocol as approved and last modified on July 20, 2010.   Written informed consent was 
obtained from all subjects. To avoid certain obvious confounds subjects were screened for a 
number health conditions.  Relative to the appetite suppression effect, at least one study 
that observed post-exercise appetite suppression in normal weight range subjects did not 
observe the effect in obese subjects (George & Morganstein 2003).  Accordingly, we also 
screened for eating behaviors, dietary restrictions, stable recent weight, current medication 
and normal BMI range (Table 4).  Males have been reported to be more sensitive to 
appetite suppression following acute exercise (Hagobian et al. 2009), while for women 
appetite has been shown to vary with the menstrual cycle (Gregersen et al. 2011).  
Accordingly only male subjects were used.  Further, age, physical condition, and smoking 
habits have also been shown to vary appetite ratings (Gregersen et al. 2011).  To avoid 
these possible confounds and others, our subject pool was restricted to males of similar 
age, physical condition, and non-smoking status.  From this refined pool, we tested 16 male 







































Table 5.   Subject Characteristics 
  
Health Exclusions No diabetes or cerebrovascular 
diseases 
No other identifiable co-
morbidities 
Ever smoked 
BMI ever > 30  
Eating Exclusions No prior eating disorders 
Dietary Restrictions Weight stable in the last six 
months 
No vegans or vegetarians 
Psychopharmaceutical  
Use 
No use in the last six months 
Number 16 
Socioeconomic Status All CUMC male 
graduate students 
Age Average 24.5 
Range 22-28 
BMI Average 23.7 
Range 21.1 – 27.9 
Waist-Hip Ratio  
Average 0.8 






Overview	  of	  Study	  Design	  
 
Each subject participated in separate control (rest) and exercise sessions  (Figure 34).  
The order of the two sessions was counterbalanced and separated by not less than seven 
days.  Each experimental session began with the subject completing an initial appetite 
survey the purpose of which was to gage the subject’s current level of hunger.  Following 
the first survey, each subject was asked to consume or “top-off” a sufficient amount of a 
standardized liquid meal (Ensure Plus, 1.5kcal/mL; Ross-Abbott Laboratories) to bring them 
to a state of full satiety.  This allowed each subject in both conditions to begin the sequence 
in a similarly sated state.  Following a waiting period of approximately 120 minutes, 
subjects presented themselves to the fMRI scanning facility and completed the necessary 
registration and safety paperwork.  During the Control session, subjects then spent the 
subsequent 45 minutes resting while completing additional surveys.  During the Exercise 
Session, subjects spent the analogous 45 minutes in calibrated aerobic exercise as 
described below.  Following the rest or exercise, subjects prepared for the scanner.  
Following the exercise or rest interventions, immediately prior to entering the scanner, 
subjects completed a second appetite survey.  The period of time following exercise to the 
commencement of the scanning ranged from 10-15 minutes.  Exercise physiology studies 
have shown that acylated ghrelin suppression in plasma concentration can persists for up to 
two hours following the completion of the exercise (Broom et al. 2007).  The in-scanner 
session generally comprised eight scanner runs to complete two runs each of the Passive 
Viewing study, the Food Stroop study, and two other studies. In one of the two scanner 
sessions a structural T1 image was also acquired.  Following the last scan run, subjects 
completed a third appetite survey and then completed two calibration assessments outside 
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Caloric	  Density	  of	  Food	  Cue	  Exemplars	  
 
Both studies drew from the same sets of high and low calorie food cue exemplars for 
their stimuli.  The Passive Viewing study presented separate blocks of high and low calorie 
images in the paradigm.  The food Stroop study used the images from the two sets of 
exemplars as the picture distractors, over which the target food word was displayed.  Each 
food cue set contained four exemplars.  The eight exemplars remained the same in both 
studies, though each run and study used unique images of the exemplars, in order to avoid 
a habituation confound.   
When constructing the high and low food cue sets we pursued two objectives:  first, to 
contrast the types of hyper-palatable foods that have come to represent today’s hedonic 
food environment from the foods that are highly healthful, and second to rigorously control 
for factual caloric density of the food.  Nutrient characteristics of the four exemplars within 
each set were retrieved from the USDA Nutrient Data Base via the web interface 
(http://ndb.nal.usda.gov/ndb/foods/list).  Macronutrients were cross-compared to maintain 
generally consistent macronutrient proportions of each exemplar within a set.  Caloric 
density per 100 grams of each exemplar was averaged across the four exemplars in each 
set and then compared between the two sets (Table 6).  The four high calorie exemplars 
were asparagus, broccoli, carrots, and spinach and had an average caloric density of 30 
calories (Table 6A).  The four high calorie exemplars were brownies, cookies, donuts and ice 
cream, and had an average caloric density of 424 calories (Table 6B).  Thus, between the 
groups there was greater than a 1400% difference in the average caloric density between 
the high and low calorie food cues.  By using only food stimuli but selecting caloric density 
extremes, we expected to differentially engage the hedonic food reward system compared 
to the homeostatic food reward system during the studies.  To avoid inadvertent confounds, 
all images were: (1) centered on a standard grey background covering approximately the 




approximately as an approximately single serving and (4) displayed so that the food in the 
image could be grasped with a single hand and consumed directly.   
 
Table 5: Nutrient Characteristics of Food Cue Exemplars per 100grams 
A. High-calorie cues. (Stroop category:  “Sweets”) 
Exemplar Calories Fat Sugar Total Carbs Protein NDB # 
Brownie 405 16 37 64 5 18151 
Cookie 454 21 38 65 1 18160 
Donut 421 23 23 48 6 18255 
Ice Cream 417 7 6 79 8 18271 
Average 424 17 26 64 5   
B. Low-calorie cues: (Stroop category: “Veggies”) 
Exemplar Calories Fat Sugar Total Carbs Protein NDB # 
Asparagus 22 0 1 4 2 11012 
Broccoli 35 0 1 7 2 11091 
Carrot 41 0 5 10 1 11124 
Spinach 23 0 0 4 3 11457 






Table 6. Caloric Density of Food Cue Stimuli 
	  
Subject	  Specific	  Stimuli	  Calibration	  
 
Following each scan session, subjects completed a short survey of five questions for 
each of the eight exemplars.  The purpose of the survey was to confirm that there were no 
confounds of familiarity or preference between the high and low calorie exemplar sets.  The 
five questions were:    
1. How FAMILIAR are you with this food? 1=not all, 5=very 
2. How much do you generally LIKE this food? 1=very much, 5=don’t like 
3. Is this food a VEGGIE or a SWEET? 1=veggie, 5=sweet 
4. Is this a LOW CALORIE or HIGH CALOIRE food? 1=low, 5 high 





All responses were recorded on a 1 to 5 scale.  As the data show, there were no 
significant differences in familiarity or preference between the high and low calorie sets 
(Figure 35).  Furthermore, there was no confusion on the categorical identity or the caloric 
density of the two-exemplar sets.  Subjects also rated the desire to eat the food that the 
exemplars represented similarly.   
 
 




The exercise intervention for each subject was calibrated to consume 25% of the 
subject’s daily basal metabolic requirement (BMR). The BMR was calculated using the 
Harris-Benedict equation, which incorporates subject specific height, weight and age (Harris 
& Benedict 1918).  Exertion levels were also calibrated for each subject so that the calories 
required were consumed while the subject maintained his heart rate as he exercised at a 
constant 70-75% of the age-adjusted maximum heart rate.   To maintain this subject-
calibrated exertion level, subjects wore a Garmen heart rate monitor (model 010-10997-00) 




(http://new.digifit.com/), which displayed their current heart rate and their target zone. The 
exercise session was completed on a Schwinn 120 stationary upright exercise bike.   
Exercise	  Calibration	  &	  Compliance	  
  
Subjects were asked to maintain regular levels of physical activity for the 48 hours in 
advance of each scan, but to avoid any volitional aerobic or anaerobic exercise.  To ensure 
compliance, subjects wore BodyMedia FIT armband monitors during the 48-hour pre-scan 
session periods (Figure 36).  Data from the Body Media was downloaded and analyzed. 
Compliance wearing the media was high, with only two subjects not wearing the sensor for 
the full pre-scan period.  Using the total calories burned from the 48 hours of pre-scan data, 
we compared ratios of 48-hour physical activity (calories) compared to BMR for each of the 
control and exercise sessions. This ratio of control PA to exercise PA was then compared to 
identify outliers. Only one subject had significantly greater pre-control session physical 
activity, but that difference was less than 3 standard deviations and did not arise from 
activity on the day of the control scan.  
	  
Figure 36: Body Media sensor 
 
Appetite	  Surveys	  and	  Calibration	  
  
To test for possible suppression of appetite as a result of the exercise intervention, 




environmental session: (1) two hours prior to appearing at the scanner facility, (2) 
immediately before the fMRI scan session, which followed the exercise session or control 
session, and (3) immediately after the fMRI scan.  Because the first survey was used in 
conjunction with “topping-off” of their appetite with the liquid meals (Ensure Clinical 
Strength, Abbot Laboratories), it served as a baseline for the change in appetite reflected in 
the second two surveys.  The four questions were: 
How hungry are you? 
How much do you think you could eat right now? 
How satiated are you? 
How full are you? 
Responses to all four questions were collected on a 0 to 7 scale.  High scored answers 
to the first two questions represent absence of appetite, while low scored answers on the 
later two questions represent absence of appetite.   
	  Supplemental	  Covariates	  
 
Humans have highly varied psychological, demographical and physical characteristics 
that can confound the interpretation of the primary results from a food-related decision 
study.  To manage these possible confounding factors, we collected a range of supplemental 
data through direct anthropomorphic measurement and self-report questionnaires collected 
during the Control scanning session (Table 7). Each of the resulting ten variables was 
reviewed for outliers to determine the need for subject exclusion and use as a covariate of 
no interest.  Observing no significant outliers in this cohort we found no need for exclusion 




Body Mass Index (BMI) 









Waist Circumference (WC) 
 
measure of visceral adiposity 
correlates better with co-morbidities 
Waist Circumference-Hip Ratio (WCH) 
 highest correlation to co-morbidities 










Behavioral Inhibition Scale (BIS) (Carver & White 1994) 
 
extracts 7 impulsivity items from BIS/BAS 
BAS already correlated with fronto-striatal-amygdala-midbrain 
network & rewarding food (Beaver et al. 2006) 
Behavioral Activation Scale-Drive (BAS-D) (Carver & White 1994) 
 
extracts 4 drive-related items from BIS/BAS 
BAS-D only sub-scale correlating with conflict adaptation (van 
Steenbergen et al. 2009) 
Power of Food Scale (PFS) (Lowe et al. 2009) 
 recently developed 14 item survey 
 measures individual's response to food in the environment 








The Pittsburgh Sleep Diary (PSD) (Monk et al. 1994) 
 sleep duration impacts leptin and ghrelin levels(Taheri et al. 2004)  
International Physical Activity Questionnaire (IPAQ) (Ekelund 2004) 
 
2 forms: 4 item (short) or 27 item (long), validated against 
accelerometer (n=1854) 
HealthWear BodyMedia: FIT (St-Onge et al. 2007) 
 
combines accelerometer, heat flux sensor, galvanic skin response, 




against doubly labeled water   
Estimates sleep and daily energy expenditure 
Demographic & Socioeconomic Factors 
  
Social Economic Status (NYTimes, 2010) 
 derived from NYTimes on-line survey, 3 items, percentile results 
Age 
Table 7 Covariate Data  
Presentation	  of	  Tasks	  and	  Stimuli	  
  
The stimuli and task paradigms were presented utilizing a Mac OSX laptop connected 
to a Sanyo PLC-XP30 multimedia projector, which was viewed by subjects through a two-
way mirror mounted in the head coil of the scanner. Mathwork’s MATLAB software 
http://www.mathworks.com/products/matlab/) with the Psychophysics toolbox 
http://psychtoolbox.org/) add-in was used to present the stimuli and to record the subject’s 
behavioral responses.  The software coding developed recorded stimuli onset and subject 
responses with millisecond accuracy. Subject responses were recorded using a 5-key hand 
magnetic-safe keyboard (Resonance Imaging Inc. response pad). 
Image	  Acquisition	  
 
MRI images were acquired on a General Electric 1.5T Twin-Speed Excite scanner. 
Functional scans were completed using the T2*-sensitive spiral-in/spiral-out pulse sequence 
(Glover & Law 2001).   This less commonly used acquisition sequence has several 
advantages over the traditional EPI sequence including reduced sensitivity to motion and 
improved signal recovery in most of the frontal and parietal regions. The author of the spiral 
sequence has reported improved signal compared to EPI of 10% across the whole brain and 
18% in the frontal areas (Glover 2012).  The ability to improve the signal recovery in the 
frontal cortex is of particular value since standard EPI acquisitions result in significant 




and reward systems.  Scanning parameters included a TR (time to repeat) of 2,000 ms, an 
echo time of 38 ms, a flip angle of 84°, a field of view of 224mm × 224mm with an array 
size of 64 × 64). Twenty-six contiguous 4.5-mm-thick axial slices were acquired parallel to 
the anterior-posterior commissure with no slice separation, acquired interleaved.  The 
resulting functional voxel size was 3.5 mm x 3.5mm x 4.5mm. Structural images were 
acquired with a T1-weighted spoiled gradient–recalled (SPGR) sequence using a TR of 19 
ms, an echo time of 5 ms, a flip angle of 20° a field of view of 220mm x 220m, recording 
124 slices at a thickness of 1.5 mm.  The resulting structural voxel size was .86mm × 




All preprocessing and statistical analyses were completed using the FMRIB Centre’s 
FSL FEAT version 5.98 (S. M. Smith et al. 2004). Following image reconstruction, the 
structural T1 images were brain extracted using the FMRIB’s Brain Extraction Tool with 
manual settings selected for each subjects to achieve maximal extraction without the loss of 
ventral or dorsal tissues of interest.  The T2* functional acquisitions had their first three 
volumes deleted to avoid inconsistently high contrast impacts in the first few seconds of 
scanner operation.   Individual functional volumes were slice time corrected, spatially 
smoothed with a 8 mm FWHM Gaussian kernel, high-pass filtered at 100 seconds and 
motion corrected using FMRIB’s McFLIRT.  The functional and structural scans for all 
subjects were co-registered using six degrees of freedom and the result was co-registered 
to the Montreal Neurological Institute-152 brain template (voxel size, 2 mm3) using 12 
degrees of freedom. 
Functional	  Activation	  fRMI	  Analysis	  
 
Analysis of functional activation imaging data was performed using FMRIB’s FEAT 




contrasts of parameter estimates were designed based stimulus presentation timing 
(Passive Viewing and Food Stroop), and on the behavioral response (Food Stroop) data.  
Nuisance regressors for each run included a global mean regressor, a white matter 
regressor, a CSF regressor and for further motion correction three translation and three 
rotation regressors (Birn 2012; Fox et al. 2009).  Higher-level fixed effects analyses were 
completed to contrast conditions within subjects. Higher-level mixed effects analyses were 
completed using an ordinary least squares regression to calculate across subject group 
results.  All results were thresholded at Z=1.6 and cluster corrected at P=.05 for multiple 
comparisons. 
Functional	  Connectivity	  (PPI)	  fMRI	  Analysis	  	  
 
Psychophysiological interaction (PPI) analysis (Price & Friston 1997) was completed to 
examine changes in functional connectivity of neural circuits when responding to food 
stimuli compared to non-food stimuli. The PPI analysis was completed as a linear univariate 
regression within the Generalized Linear Model framework of FEAT (O'Reilly et al. 2012). 
Given a region of interest seed in the brain, PPI analysis identified brain areas with 
activation more highly correlated during one condition than another.  For each functional 
scan the regressor of interest (PPI) was constructed as the scalar product of the 
psychological regressor (the time course of the stimuli presentations convolved with a 
double gamma hemodynamic response function) and the physiological regressor (the 
activation time course of the seed).  Regressors of no-interest included the psychological 
regressor, the physiological regressor, a global mean regressor, a white matter regressor, a 
cerebral spinal fluid regressor and for further motion correction three translation and three 
rotation regressors.  Voxel level results were thresholded at a probability 0.05 and cluster-
level corrections were made for multiple comparisons in the regression using Gaussian 
Random Field Theory with a probability for each cluster of 0.01.  




step process.  We started with a group seed mask derived from functional activity in the 
applicable study, which is then translated into subject space and then re-centered within 
that group mask based on the maximum activation of the individual subject within the 
group mask.  Specifically, in the first step, the location for the centroid of the group masks 
were taken from the functional activation of the relevant study or contrast, around which a 
spheroid was constructed using the group mask kernel radius.  In the second step, each 
subject’s highest Z value voxel was identified in the group mask.  Around the subject’s most 
active voxel a new subject specific mask was created using the subject mask kernel radius.  
The individual subject mask was then used to extract the time course for the physiological 
seed.  Table 8 lists location, MNI coordinates and kernel radii. 
 
Location 
MNI Coordinates Kernel Radius 
 





Ventral ACC 0 28 -12 3 6 
Nucleus Accumbens 8 12 -12 3 6 
Dorsal ACC 6 46 24 3 6 
Categorical Food Stroop - Interference Effect 
I > C Superior Parietal Lobule -38 -58 52 10 6 
Categorical Food Stroop - Conflict Adaptation Effect 
  
PHG -12 -38 -4 10 6 
Precuneus 6 -74 38 10 6 
LOC/SPL 26 -60 46 10 6 
 
Table 8. PPI Seed Locations & Kernels 
 















In our two studies we have examined brain-based responses to both sides of the 
energy balance equation.  From the energy expenditure side of the equation:  In a Passive 
Viewing study, we have shown that as a result of acute exercise, the dorsal ACC, an 
attention processing area, and the nucleus accumbens, a central reward and motivation 
processing area, both showed decreased BOLD activation in response to viewing high calorie 
compare to low calorie food cues. Further, we have shown that the dorsal ACC and the 
nucleus accumbens are functionally connected to a distributed group of brain areas, some 
of which increase their coupling as a result of viewing high calorie food cues following 
exercise, while others decrease their coupling. We believe this is the first whole-brain study 
both (1) to show absolute decreased activation of the dorsal ACC and the nucleus 
accumbens as mediating structures for acute exercise induced appetite suppression and (2) 
to identify a mediating functional network of positively and negatively correlated brain 
areas. 
From the energy intake side of the equation: in a novel categorical food Stroop study, 
we have shown that categorization of incongruent high calorie targets, compared to 
incongruent low calorie word targets, elicit greater cognitive interference taking significantly 
longer to process.   By examining the functioning of food cue modulated cognitive control 
through the conflict adaptation effect, we also showed that conflict adaptation, in normal 
weight subjects, is both specific to the caloric content of the food cues and activated only 
for high calorie cues.  Moreover, we’ve shown for the first time that conflict adaptation itself 
can be decomposed into the components based on the nature of the cue and that its effect 
size is partly dependent on the amount of interference conflict shared in the adjoining trials.  
Our neural findings showed that interference difficulty associated with high calorie word 
target categorization is correlated with increases in the supramarginal gyrus, the SPL and 
the superior LOC.  Cognitive control, as recruited by the high calorie preceding trials for 




we described a functional network active during the high calorie modulated cognitive 
control, which extensively overlapped between two well differentiated seeds, resulting in 
broad positive correlations with ventral/frontal areas, but broad negative correlations with 
dorsal/posterior areas.  We believe this is the first study to identify a functional network 
that mediates cognitive control relative to calorie differentiated food-related decisions.   
Future	  Directions.	  	   
The findings from our Food Stroop and Conflict Adaptation study showed that a strong 
cognitive control mechanism works to improve response inhibition in food decisions 
involving high calorie food cues, for healthy normal BMI individuals.  How this food cue 
specific cognitive control works in high BMI individuals has not yet been tested.  However, it 
is known that deficits in inhibitory control are correlated with both high BMI and unhealthy 
eating (Jasinska et al. 2012).  And it is also known that multiple executive and cognitive 
functions can be impaired in high BMI individuals (Cohen 2010; Gunstad et al. 2008), 
including functions that may underlie the normal functioning of cognitive control, e.g. 
attention, task switching, short term memory and activation of long term memory (Babiloni 
et al. 2009; Kemps & Tiggemann 2009).  Disorders related to managing response inhibition 
have been observed in both obsessive-compulsive and hyperactive individuals(Hsu et al. 
2011; Cocchi et al. 2011).  For certain obese individuals, it may be that cognitive 
impairment undermines the functioning of the high calorie food cue-specific cognitive 
control that we have observed in normal BMI individuals.   This is a hypothesis that can be 










Exercise	  Induced	  BOLD	  Confound	  
 
Exercise as an intervention condition in these studies has the risk of injecting a 
confound into the interpretation of the fMRI BOLD results.  It is known that exercise results 
in an increase in cerebral blood flow (CBF) (Secher et al. 2008; Ide & Secher 2000).  In 
addition, the Bold-Oxygen Level Dependent (BOLD) signal that underlies the signal of 
interest in fMRI has been shown to correlate modestly (10-25%) with changes in the 
cerebral blood flow (J. C. Smith et al. 2010; Chen et al. 2008).  Thus there has been a 
concern among investigators about the accuracy of findings in fMRI studies that are 
conducted using exercise v. rest conditions.  However, it has been shown that the increase 
in CBF is transient and returns to its pre-exercise level in less than 10 minutes following 




Figure 35.   Exercise Induces a Transient Increase in cerebral blood flow 
 
Moreover, it has also been shown that the exercise induced BOLD increases are not 
generic across the brain, but are restricted to the prefrontal (motor), occipital (vision) and 




following running, prefrontal, temporal, brainstem, and the striatum each were shown to be 
free of any induced confound.  Even in a study requiring extreme exertion of the subjects 
the increased BOLD signal was restricted to the middle frontal gyrus and the intra-parietal 




Figure 36.   Brain Areas Showing Exercise Induced BOLD Increases 
Source: Tashiro 2008 
 
  
Based on the above, we argue that there should be little concern of a CBF-BOLD 
confound when fMRI findings from an exercise-rest conditioned study, like ours, (a) arise 
from a scanning period starting 10 or more minutes following the end of the exercise 
intervention, or (b) occur in the prefrontal, temporal, brain stem or striatum, or (c) derive 
from a decrease in the BOLD signal and not an increase.  It is the case that exercise 
dependent findings in our Passive Viewing study comport with each (a), (b) and (c).   
 
Other	  Possible	  Limitations	  
	  
Relative to the exercise intervention, while we calibrated for exercise intensity we did 
not use the VO2 Max (Volume of Oxygen) gold standard.  Relative to task design, we did 
not control for word length, which, while preferably, was not practical.  Relative to scanning 




65 to 90 minutes in duration.  This is longer than most scan sessions and we cannot rule 
out that exhaustion or non-task responses by the subjects impaired our results, though the 
constant and low error does not suggest exhaustion.  Relative to the stimuli, while multiple 
control were included in our experimental design, we did not, strictly speaking, control for 
serving size, which may change the difference in effective caloric density of the two 
exemplar sets, but if so, without likely consequence.  And relative to appetite monitoring, 
we did not precisely control for time of day, which at least one study has found can impact 
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Figure A4.  Conjunction Analysis for Conflict Adaptation Functional Connectivity (+PPI) 






Figure A5.  Conjunction Analysis for Conflict Adaptation Functional Connectivity (-PPI) 
Negative Correlations for Seeds: PHG + SPL. 
 
	  
Activation	  &	  Cluster	  List	  Tables	  
	   	   Z	  score	   x	   y	   z	  
Figure	  11a	   Control	  (rest)	  Condition	   	   	   	   	  
  
4.75 26 -46 -18 
  
4.22 24 -78 -20 
  
3.72 2 -102 2 
  
3.67 4 -102 8 
  
3.62 -10 -100 12 
  
3.43 12 -84 -18 
  
3.51 22 42 40 
  
3.33 42 28 38 
  
3.24 -14 48 20 
  
3.21 -12 56 12 
  
3.08 2 52 34 
  
3.05 2 48 28 
	   	  
    Figure	  11b	   Exercise	  Condition	   	   	   	   	  
  
5.71 -8 -100 8 






4.89 0 -102 2 
  
4.42 26 -52 -6 
  
3.87 16 -98 14 
  
3.83 -14 -98 28 
  
3.82 8 -90 -4 
      Figure	  11c	   High	  >	  Low	  in	  Exr	  >	  Ctrl	   	   	   	   	  
  
3.57 6 44 24 
  
3.23 26 32 42 
  
3.17 4 30 -8 
  
3.12 0 28 -12 
  
3.04 8 12 -12 
  
2.77 26 38 52 
	   	   	        
 
Table A1. Passive Viewing GLM 
	  
	   	   Z	  score	   x	   y	   z	  
	   	  
    
Figure	  13	   Seed:	  Dorsal	  ACC:	  	  Exr	  >	  Ctrl	   	   	   	   	  
  
3.75 36 6 2 
  
3.59 38 -2 -4 
  
3.51 62 12 -24 
  
3.42 30 4 2 
  
3.33 32 6 6 
  
3.04 40 -16 4 
	   	   	   	   	   	  
	   	  
    
Figure	  14a	   Seed:	  Nucleus	  Acc:	  	  	  Exr	  >	  Ctrl	   	   	   	   	  
  
5.02 30 -52 48 
  
3.93 46 -16 16 
  
3.79 34 16 16 
  
3.72 36 32 18 
  
3.46 38 -8 64 
  
3.44 42 -6 60 
	   	   	   	   	   	  Figure	  14b	   Ctrl	  >	  Exr	   	   	   	   	  
  
4.03 36 -32 -28 
  
3.63 12 -14 2 
  





3.33 -10 -30 12 
  
3.27 68 -34 -6 
  
3.19 32 22 -18 
Table A2.  Passive Viewing PPI 
	  
	   Z	  score	   x	   y	   z	  
Figure	  23	   Incongruent	  >	  Congruent	   	   	   	   	  
  
4.66 -40 -52 52 
  
3.83 -38 -42 36 
  
3.23 -58 -46 46 
  
2.8 -26 -50 68 
  
2.8 -50 -36 58 
  
2.45 -10 -64 48 
	  
	  
    Figure	  24	   Congruent	  >	  Incongruent	   	   	   	   	  
  
4.07 18 56 42 
  
4.04 -6 72 18 
  
3.9 16 60 36 
  
3.86 12 62 36 
  
3.85 16 36 -14 
  
3.83 -18 42 42 
  
3.79 -4 -40 46 
	   	   3.55 12 -38 44 
	   	   3.39 52 -62 20 
  
3.24 58 -60 10 
  
3.16 0 -64 24 
  
3.15 24 -86 24 
  
4.12 -38 -88 6 
  
3.62 -50 -72 24 
  
3.58 -40 -42 10 
	   	  
3.47 -54 -72 32 
	   	  
3.45 -62 -46 10 
	   	  
3.14 -68 -56 36 
Table A3.  Food Stroop Interference GLM 
	  
Seed:	  SPL	   Z	  score	   x	   y	   z	  
Figure	  25	   Positive	  PPI	  
	   	   	   	  
  
3.74 -50 18 12 
  
3.57 -12 36 8 
  
3.4 -54 10 4 
  
3.38 -34 40 18 
  
3.29 24 -16 20 
  
3.28 2 -10 -4 




	   	   3.41 46 4 -6 
  
3.1 38 6 26 
  
3.05 54 20 -2 
  
3.04 52 4 18 
  
3.04 44 56 2 
      Figure	  26	   Negative	  PPI	   	   	   	   	  
	   	  
4.03 -26 -62 62 
	   	  
3.99 -12 -32 52 
	   	  
3.9 -4 60 32 
	   	  
3.82 26 -6 66 
	   	  
3.54 6 62 34 
	   	  
3.49 -32 -8 64 
Table A4.  Food Stroop Interference PPI 
 
	   	   Z	  score	   x	   y	   z	  
Figure	  29	   Conflict	  Adaptation	  HH	  >	  LL+LH+HL	  
	   	   	   	  
 	  
4.07 26 -60 42 
 
	   4.04 30 -58 -16 
 
	   4 -32 -66 -14 
 
	   3.81 -32 -58 -22 
 
	   3.8 26 -56 38 
 
	   3.72 60 -54 -22 
	   	  
    Figure	  30	   Absence	  of	  Conflict	  Adaptation	  	  HH	  >	  LL+LH+HL	   	   	   	  
  
4.49 -8 48 -16 
  
4.45 -10 32 18 
  
3.9 0 56 10 
  
3.79 -4 24 16 
  
3.79 -18 18 -12 
  
3.72 -10 56 6 
  
3.9 -72 -44 -8 
	    
3.8 -26 -58 18 
	    
3.71 -68 -44 -8 
  
3.51 -20 -62 12 
  
3.33 -36 -60 28 
  
3.22 10 -52 18 
Table A5.  Food Stroop Conflict Adaptation GLM 
Figure	  31-­‐top	   SPL	   Z	  score	   x	   y	   z	  
	   	  
4.12 -10 -36 -14 
	   	  




	   	  
3.68 12 -28 -6 
	   	  
3.5 -30 22 0 
	   	  
3.44 14 -22 12 
	   	  
3.26 8 -40 -10 
	   	  
3.46 40 48 2 
	   	  
3.38 32 36 22 
	   	  
3.37 30 50 -14 
	   	  
3.27 34 60 24 
	   	  
3.26 32 30 22 
	   	  
3.26 22 52 -2 
	   	   	   	   	   	  Figure	  31-­‐
bottom	   SPL	  Negative	   	   	   	   	  
	   	  
4.35 40 -68 -16 
	   	  
4.26 30 -82 20 
	   	  
4.01 18 -76 -10 
	   	  
3.83 40 -80 0 
	   	  
3.75 30 -76 -16 
	   	  
3.66 42 -72 10 
	   	  
3.86 -36 -38 44 
	   	  
3.57 -8 -48 72 
	   	  
3.56 -34 -10 38 
	   	  
3.45 -50 -12 40 
	   	  
3.38 -6 -36 72 
	   	  
3.25 -52 -6 42 
	   	  
	   	   	   	  Figure	  32-­‐top	   PHG	  	   	   	   	   	  
	   	  
4 -24 50 -20 
	   	  
3.81 4 46 -26 
	   	  
3.56 8 22 -30 
	   	  
3.52 10 20 -26 
	   	  
3.32 -10 34 -18 
	   	  
3.3 10 28 14 
	   	   	   	   	   	  Figure	  32-­‐
bottom	   PHG	  Negative	   	   	   	   	  
	   	  
4.12 -30 -32 40 
	   	  
4.08 -26 -48 44 
	   	  
4.08 42 -74 -12 
	   	  
3.51 40 -78 -16 
	   	  
3.4 -20 -96 32 
	   	  
3.24 -30 -92 40 
Table A6.  Food Stroop Conflict Adaptation PPI 
